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e A difference of Gaussian is applied to enhance cell borders and to obtain the inter-cellular space with minimal value,
which we then used as a threshold for obtaining a binary image.

e A frequency-domain analysis allows obtaining a global adaptive threshold value per image for automatically removing
artifacts in the binary images.

e [ ocal maxima, selected in the distance map of the binary image, are used as centers of circles inscribed in the cells. A
selection of the inscribed circles is intended to detect individual cells, aiming also to separate those cells that appear
merged in the image.

e The segmentation of the cell’s contours is achieved simply by labeling each background pixel according to its distance
to the nearest foreground object.

e Quantification and comparison with ground truth and two methods are achieved for measuring clinical parameters
of interest and assessing the results, including cell count, cell density, polymegathism, and pleomorphism. Results
outperform those from one of the methods in all quantified parameters and surpass another method in estimated poly-
megathism.
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ABSTRACT

We propose a novel algorithm for segmenting cells of the cornea endothelium layer on confocal mi-
croscope images. To get an inter-cellular space with minimum gray-scale value and to enhance cell
borders, we apply a difference of Gaussian filter before image binarization by thresholding with the
minimum gray-scale value. Removal of segmented noise and artifacts is performed by automatic
thresholding (using an image frequency analysis to obtain a global threshold value per image). Final
segmentation of cells is achieved by fitting the largest inscribed circles into the centers of cell re-
gions defined by the distance map of the binary images. Parameters of interest such as cell count and
density, pleomorphism, polymegathism, and F-measure are computed on a publicly available data-set
(Confocal Corneal Endothelial Microscopy Data Set - Rotterdam Ophthalmic Data Repository) and
compared against the results of the segmentation methods included with the data set, and the results
of state of the art automatic methods. The obtained results achieve higher accuracy compared to the
results of the segmentation included with the data set (e.g., -proposed versus dataset in R? and mean
relative error-, cell count: 0.823, —0.241 versus 0.017, 0.534; cell density: 0.933, —0.067 versus
0.154, 0.639; cell polymegathism: 0.652, —0.079 versus 0.075, 0.886; cell pleomorphism: 0.242,
—0.128 versus 0.0352, —0.222, respectively), and are in good agreement with the results of the state

of the art method.

1. Introduction

In-vivo confocal microscopy (IVCM) is an important di-
agnostic tool through which it is possible to obtain images in
a non-invasive way, allowing the analysis of corneal struc-
tures in the living eye. The corneal endothelium forms a sin-
gle layer of cells describing a shape with a hexagonal pattern
on the posterior corneal surface. Clinically, it is functionally
essential to the cornea. It has the basic function of maintain-
ing corneal hydration and transparency [6]. Endothelial cells
do not reproduce, thus, dead cells are replaced by the sur-
rounding cells. Consequently, the total number of cells, their
size, and regular structure are affected by age and patholo-
gies [6, 24]. Therefore, morphometric studies in the corneal
endothelium provide clinical information that allows us to
assess the cornea’s health state [24].

Cell density is a very important parameter when assess-
ing the condition of the corneal endothelium. It can be ob-
tained directly through frequency analysis without having to
produce the segmentation of cells [5, 21, 2, 3, 25]. Never-
theless, the segmentation of cells has been reported to yield
an improved result of cell density compared to the estimates
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obtained through frequency analysis [25]. Another impor-
tant argument in favor of segmentation is the possibility to
quantify other parameters of interest, such as variation of
cell size and shape [25, 24], which is not achievable using
the frequency analysis approach. Segmentation-dependent
measures rely on accurate and robust segmentation methods
and, for this reason, are not yet as widely used in clinical
practice as frequency analysis methods[25, 30]. The goal of
our research is to design a robust endothelial cell segmenta-
tion method for the quantification of parameters of interest
and to facilitate their application in clinical practice.

The automatic analysis of the human cornea endothelium
in Confocal Microscopy (CM) images has been reported pre-
viously. The built-in software supplied by Tomey ConfoS-
can P4 slit-scanning microscope (Tomey, Erlangen - Ten-
nenlohe, Germany) was used for automatic analysis in [13].
Two methods were applied in [25]: a frequency analysis
aiming to obtain endothelial cell density and a segmentation
method through stochastic watershed.

The authors in [26] proposed the following steps to au-
tomatically classify images according to the main layers of
the cornea and to generate a 3D model: image classifica-
tion (through Artificial Neural Networks (ANN), Adaptive
Neuro-Fuzzy Inference Systems (ANFIS), and a combina-
tion of both), global adaptive thresholding, connected com-
ponent labeling, and image registration using Speeded-Up
Robust Features (SURF) and Scale Invariant Feature Trans-
form (SIFT) approaches.

Two tracking procedures are applied in [18]: tracking of
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valleys dividing the cells for extracting their contours, and
a tracking procedure for tracing rays from elevated points.
A further improvement procedure is achieved by adjusting
the segmentation according to its lowest local values pixel
neighbors (in case of its existence) in the original image.

In [9], the authors present a semi-automatic method for
analyzing images of the corneal endothelium based on skele-
tonization and connected component analysis (on the ob-
tained skeleton). A classification of the connected compo-
nents as cells is obtained using predetermined threshold val-
ues of area, perimeter, and length.

A fully automatic segmentation algorithm based on Feed-
Forward Artificial Neural Network (FF-ANN) is proposed in
[4], whereas in [16], the automatic algorithm is based on K-
means and watershed. Watershed and Voronoi Tessellation
are used for segmentation in [1]. The authors in [23, 24] pro-
pose automatic cell segmentation methods based on genetic
algorithm. In [27], a snake model in combination with parti-
cle swarm optimization is proposed to achieve an automatic
endothelial cell segmentation. In [29], a support vector ma-
chine classifier (SVM) is applied to identify and merge su-
perpixels constituting cells.

The aforementioned automatic methods still produce too
many differences compared to human (manual) analysis. The
differences relate to the dependence on selected features of
the neural network training data-set in [4] (e.g., only well-
defined borders are manually marked in the ground truth im-
ages used for training), the loss of image quality at the bor-
ders of the images in [1], and the differences (partly) in the
measuring techniques in [13].

According to [14, 17], the endothelial cell contours ob-
tained through IVCM built-in software may require man-
ual corrections. In [13], cell count and cell density results
of an automatic analysis through the built-in software sup-
plied by the Tomey ConfoScan P4 slit-scanning microscope
(Tomey, Erlangen-Tennenlohe, Germany) have statistically
significant differences when compared to the manual mea-
sures. Moreover, automatic methods may produce errors in
identifying endothelial cell contours ([15, 14, 17, 24]), yield-
ing (for instance) to over-segmentation [19], which affects
the cell density when compared to manual analysis [13, 17].
Thus, automatic results may require manual corrections of
the inaccuracies [11, 17, 20, 24].

The image segmentation software used in clinical prac-
tice is often semi-automatic, which reduces the reproducibil-
ity and accuracy of quantified parameters. The acquired im-
ages are often affected by noise, artifacts, uneven illumina-
tion, and out-of-focus (blurred) areas, which cause segmen-
tation problems. Thus, manual corrections often have to be
made, making the complete analysis tedious, time-consuming,
and impractical in the clinical setting [24, 4, 1]. Therefore,
there is a clear need for a (semi-)automatic, easy-to-use, ac-
curate, and robust method for endothelial cell segmentation
in IVCM images of the human cornea. For a more complete
review on digital image analysis for corneal images see [12].

In this work, we propose a novel method for segmenting
human corneal endothelial cells from IVCM images. Our

method enhances cell borders, deals with uneven illumina-
tion and contrast present in the images, and automatically re-
moves artifacts in binary images. Artifact removal is achieved
by automatic thresholding, where the threshold is determined
by frequency analysis of the images. For cell segmentation,
we propose a method based on fitting circular regions using
a distance map generated on the filtered binary image. The
convex polygonal shape of endothelial cells motivates to use
inscribed circles as a mean to identify the cells, which we
confirm. We also demonstrate that inscribed circles can be
useful for separating erroneously merged cells that hinder
the cell segmentation process.

The results section (i.e., section 3) shows graphs of cell
count, density, polymegathism, pleomorphism, and F-measure,
for visual comparison. It also shows QQ-plots for the graphi-
cal test of data normality, box-plots of relative errors, as well
as quantitative normality test results, correlation coefficient
values, and relative error statistics in tables. The Appendix
(section 6) shows the results and associated errors compar-
ing with the manual measures from all included methods.

2. Methods

The proposed method consists of two major steps. The
first step (preprocessing) is used to enhance cell boundaries,
deal with uneven illumination and contrast found in [IVCM
images, and remove artifacts. The second step deals with
the actual segmentation of cells by fitting selected circles to
a distance map calculated on the binary image of the prepro-
cessing step.

2.1. Preprocessing

IVCM images of the endothelium layer of the cornea of-
ten have a non-uniform luminosity and contrast [22] (see
Figure 1a). Frequently, these images are blurred, distorted,
and contain noise due to the anatomy of the cornea and the
characteristics of the image acquisition process [26, 24, 10,
1]. Therefore, preprocessing the images to improve their
quality (removing noise, artifacts, and blur) is an important
step that can highly influence the quality of the segmenta-
tion.

2.1.1. Edge enhancement and inter-cellular space
definition
To enhance the borders of cells and obtain an inter-cellular

space with minimum value are the first goals of the prepro-
cessing in this work because it helps in the subsequent cell
delineation. For this purpose, we use a Difference of Gaus-
sian filter (DoG filter, [28] page 142) as an approximation of
the Laplacian of Gaussian (LoG) edge detector filter, which
reduces the noise susceptibility of the Laplacian operator:

B
202 262
e 1 e 2
I )
7[0'1 71'0'2

The DoG filter consists of taking the difference of two dif-
ferently sized Gaussians (values o and o,, see Equation 1).
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The resulting image from the applied DoG filtering (i.e.,
DoG(x, y)) has the characteristic of having the inter-cellular
space (hereafter image background) with the minimum gray
scale intensity found in the image (see Figure 1b). Our ex-
periments show that the implementation of the DoG filter
in OpenCV for C/C++ programming language, with first
and second kernel sizes of [3x3] and [103x103] respectively
(empirically determined using the GaussianBlur function),
generates the desired DoG-filtered image. The Gaussian-
Blur function computes the ¢ values from the kernel sizes
(see OpenCV documentation).

2.1.2. Image binarization and artifact removal

After applying the DoG filter (see subsection subsubsec-
tion 2.1.1 and Figure 1b), we perform an initial segmentation
by thresholding with the minimum gray scale value in the
preprocessed image (i.e., we label as foreground pixel ev-
ery pixel with value different than the minimum gray scale
value, see Figure 1c and algorithm 1).

Algorithm 1: Image binarization
Input: DoG(x,y) ;
Output: BW(x,y) ; // (i.e., Binary image)

1 if DoG(x,y) > min{DoG(x,y)} then

2 | DoG(xy)=255;

3 else

4 | DoG(xy)=0;

// (i.e., DoG filtered image)

// (i.e., foreground)

// (i.e., background)

The resulting images contain artifacts smaller than the
cell area, manifesting as background pixels in the area of
the cell body (holes) and foreground pixels in the area be-
tween the cells, as seen in Figure lc, Figure 2a, and Fig-
ure 2b. Since the artifacts manifest as regions with signifi-
cantly smaller area compared to cell size, we use connected
component analysis to compute the area of each region and
apply thresholding by area. We apply, as threshold value T,
a scaled version of the average cell area intending to only
remove artifacts from the image.

For determining the average cell area, counting the num-
ber of pixels in each connected component and finding the
average could produce a larger value than the actual aver-
age cell area because cells may appear connected in the ini-
tial segmentation image. Therefore, we apply a fully auto-
matic method in the frequency domain. It consists of ob-
taining the two-dimensional representation in the frequency
domain of the image by applying the 2D Fast Fourier Trans-
form (2DFFT, see Figure 3b). Then, we use a 1D orientation
invariant representation [25] (see Figure 3d) to compute the
radial mean of the frequency content’s magnitude in polar
form (see Figure 3c and 3d):

2
Frn(f) = % /O | F(f.0) | do @

In Equation 2, F(f,#) is the polar frequency spectrum
corresponding to the Fourier transform of the image. For

Figure 1: DoG filtering and binarization of a human corneal
endothelium image. (a) Original confocal microscope image
of endothelial cell layer. Representative of the used dataset
[25]. (b) Result of DoG filtering (i.e., DoG(x,y) image) and
histogram equalizing the image in (a). The histogram equal-
ization responds to a better visualization (in this figure) only.
(c) Result of the binarization of DoG(x,y) (i.e., BW(x,y) im-
age) (subsubsection 2.1.2).

©

Figure 2: Example of artifacts on the binary image. (a) Holes
in cell body (enclosed by circles), (b) Foreground artifacts in
inter-cellular space (pointed by arrows), (c) Result of removing
holes and foreground artifacts.

computing the radial mean the output is sampled at frequen-
cies f = {0, %, %, . %} pixel_1 [25]. We select N to be
the smallest side of the image in pixels and assuming in this
step a square image of NxN pixels. Also, we use N/2 as the
radius of the circle that bounds the area to be transformed to
polar form.

The radial-mean function Fg,,(f) includes two largest
peaks, one at f = 0 (i.e., zero frequency) related to the
slow variation in pixels intensity and the other one at the fre-
quency of the repetitive cell pattern (i.e., the characteristic
frequency f*) [21]. In some images, the peak of | F(f,0) |
at f = 0 may decay very slowly, making difficult to detect
the peak at f*, and consequently making hard to detect f*
[25]. Thus, for enhancing the peak at f* (as in [25]), we
apply a dilation by reconstruction (see also "Morphological
Reconstruction” in [8]) of the pixel at f = 0 with | F | as
mask, until stability is reached. We use the origin pixel and
its 4-neighborhood as the structuring element of the dilation
operation. The result of this procedure can be seen in Fig-
ure 3b.

Different methods have been used for obtaining the char-
acteristic frequency f* from the radial mean function [5, 21,
3, 25]. We take in this study, like in [3], the position of the
first (largest) peak (after removing the one at f = 0) in the
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Figure 3: (a) DoG filtered image with histogram equalization,
(b) 2DFFT of (a) with central ring enhancement and without
the local maximum at f = 0, (c) Polar form of (b), and (d)
Radial mean from (c). Images (b) and (c) are histogram-
equalized for visualization purpose in this figure only.

Fr(f) function as the characteristic frequency f* (see Fig-
ure 3d).

Before obtaining the Fourier transform, we apply his-
togram equalization to the DoG(x, y) image (see Figure 3a,
Figure 4a) to enhance its contrast. The histogram equaliza-
tion step generates an enhanced central ring in the resulting
spectrum image, and consequently in the radial mean func-
tion, see Figure 4c. Otherwise, the peak at f* may not be
recognizable in the radial mean function, see Figure 4b.

The cell average area per image (A,,,) can then be com-
puted using the characteristic frequency [25],

Agpe =al? =2

" I 3

0.0100 A

a

=

5 0.0075 A

e

£ 0.0050 -

2

S 0.0025 -

3

0.0000 1 . .
0.0 0.2 0.4

Frequency(1/pixel)
(b)

0

E

3. 0.0101

©

£ 0.005 -

8

z

* 0.000 . .
0.0 0.2 0.4

Frequency(1/pixel)

©

Figure 4: Influence of the image histogram equalization in
the radial mean function. (a) DoG filtered and histogram-
equalized image. (b) The radial mean obtained from the fre-
quency analysis (see subsubsection 2.1.2) of the DoG filtered
image (without histogram equalization) showing a not easy
recognizable central ring radius peak. (c) The radial mean ob-
tained from the frequency analysis of (a), where the central
ring radius at f* is clearly recognizable (the largest peak).

In Equation 3, « is a parameter dependent on the shape
and regularity of the cells, and L the most common cell
width [25]. In this work, we set the @ value to 1 [5, 21, 2, 3,
25].

We compute two threshold values 77 and 7, based on
Agpg and the central ring pattern of the frequency spectrum.
The central ring pattern is observed in the frequency spec-
trum of the image due to the approximately hexagonal shape
of the endothelial cells [5] (see Figure 3b). The ring radius
r is inversely proportional to cells’ size. Thus, a smaller
cell structure produces a larger ring in the image frequency
spectrum than a larger cell structure. Therefore, we use the
numerical value of the ring radius at the characteristic fre-
quency of the image (i.e., defined as n,. 7+, with no dimension
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Figure 5: Threshold values sample plots.

assigned) as a scaling down factor of the mean cell area A4,
for computing the threshold value T7:

A

avg

T = @)
nrf*

We also tested the second threshold value T, as A, di-
vided by the area of the ring at f* in the frequency image. In
this case, the resulting threshold value is not useful because
it is to small and a scaling-up coefficient should be used to
approach the needed value (see Equation 5). We propose a
coefficient value R = 30.886 (empirically found) that proved
to produce similar results as threshold 77. Sample plots of
both threshold values are presented in Figure 5 for visual
comparison.

Aau
2 Q)

ring

T2=R

The obtained thresholds applied to the used data set proved
to be effective for artifact removal without affecting the small-
est cells in the image. The smallest cells can be removed if
the average area of the cell is directly used as a threshold
for artifact removal. Hence, we divide by n,.z« or by A,;,,
although in the latter a multiplication by a scaling-up coef-
ficient is needed. We refer to the used threshold values for
artifact removal in our proposed method as "Proposed (Tx)",
where x takes values 1 or 2. Figure 2c shows a sample image
after removing its artifacts.

2.2. Cell segmentation

After filtering artifacts from the initial segmentation, the
resulting image may still contain merged cells that hamper
accurate cell segmentation (e.g., Figure 2c¢). We propose
in this paper to exploit the polygonal shape of the corneal
endothelial cells and perform cell separation by fitting cir-
cles to cell candidate regions. To find the best candidates for
cell centers, we perform a distance transform on the initially
segmented image. In the resulting distance map image, the
value of each pixel represents the Euclidean distance to the
closest background pixel. Hence, the pixels in the center of
the cells will be the brightest (locally) in the distance map

Figure 6: The distance map image and peaks (marked with red
dots): (a) distance map, (b) all peaks (marked with red dots),
(c) selected peaks (marked with red dots) by thresholding.

(b)
Figure 7: Circles that were fitted into the inner body of the
cells. (a) total number of found circles, (b) selected circles.

image and could be used as centers of inscribed circles. The
first step in our approach is to find local maxima (i.e., peaks)
in the distance map image aiming to detect the centers of the
cells. However, besides the actual cell centers, local maxima
are also found in peripheral regions (see Figure 6b). Hence,
we apply an empirically found threshold value of L/8 to re-
move the unwanted peaks pixels (i.e., peaks with pixel value
lower than L /8 are removed, see Figure 6¢).

Subsequently, we fit circles into the inner boundaries of
the cells using the selected peaks as cell centers (see Fig-
ure 7a and Figure 8a). In case of multiple closely overlap-
ping circles (due to their proximity, points eligible for the
center of the cell, may fall inside another inscribed circle),
we filter out the matched circles to leave only the one with
the largest radius (see Figure 7b and Figure 8b).

Finally, we merge the remaining intersecting circles and
create a binary image by labeling all pixels in the circles as
foreground pixels (see Figure 9a). From the resulting binary
image, a region segmentation is obtained by labeling each
background pixel according to its proximity to the merged
circles (see Figure 9b). A line segmentation can then be
produced at the edges of different labels (see Figure 9c). A
schematic representation of the proposed segmentation pro-
cedure can be seen in Figure 10.

3. Materials and Results

For evaluating our method, we use a data set that includes
52 confocal images of corneal endothelium publicly avail-
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(b)

Figure 8: Close-up of fitted circles. (a) circles fitted into a
foreground object in the distance map image, (b) automatically
selected circle in (a).

Figure 9: Segmentation obtained from the image with merged
circles. (a) merged circles as foreground objects, (b) region
segmentation obtained from (a), (c) one pixel wide line seg-
mentation.

able from the Rotterdam Ophthalmic Data Repository [25].
The data set contains also (in separate segmented images)
corresponding regions of interest for each image (see Fig-
ure 11b) and images with positions of cell centers (i.e., a
point was placed approximately in the middle of each cell,
see Figure 11c) made manually by an expert. Measures of
cell count, density, pleomorphism, and polymegathism, ob-
tained from manually assisted segmentation were also in-
cluded. We compare our method to the measurements of en-
dothelial parameters obtained by the software NAVIS (.e.,
the Confoscan 4 microscope’s software, Nidek Technologies
Stl, Padova, Italy) and the automatic results from Selig et al.
([25]) and Vigueras-Guillén et al. ([29], kindly shared after
request). The measured parameters are defined below.

e Cell count (N,).

o Cell density (p, = %, [24]), where A, denotes the
13
area of the total of cells.
e Polymegathism (CV: cell size variation coefficient) is

computed as the ratio of standard deviation of cell area
(o 4) over the average cell area [24]:

Figure 10: Schematic representation of the proposed segmen-
tation process. (A) Original image. (B) DoG filtered image
(histogram-equalized for visualization purpose only) (subsub-
section 2.1.1). (C) The image in B is converted to binary by
using a threshold value of minimum gray scale value. Subse-
quently, artifacts are removed by using a threshold value per
image found through a frequency analysis of the image in B
(subsubsection 2.1.2). (D) Distance map of the image in C, (E)
Selected local maxima by an empirically found threshold, (F)
Selected circles by an automatic custom method, (G) Merged
circles (i.e., foreground objects) in image converted to binary,
(H) Line segmentation (subsection 2.2).

(b) (©

Figure 11: Representative images from the used dataset [25]:
(a) original confocal microscope image of endothelial cell layer,
(b) manually selected ROI corresponding to the original image
in (a), (c) manually selected point-markers corresponding to
the approximate cell centers inside the ROI from the image in
(a). The points have been enlarged so they are better visible.

cells (IV,0,) Over the total number of cells [24] (the
number of cell’s sides is computed in this work by
counting the number of neighboring cells for each seg-
mented cell):

N
HEX = —<"X100% @)
N

c

e F-measure [25] defined as

-
o F=2-2 ®)
A
CcV = 100% (6) p+r
avg .
with

e Pleomorphism (i.e., HEX: cell shape variation coef- Aeopr Aeorr

i ity) i i p=— r=—-—

ficient or hexagonality) is the fraction of hexagonal Myotal Mopal
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where n,,,, is the number of correctly segmented re-
gions, n,,, is the total number of regions and n,,,
is the ground truth of the dataset consisting of a point
(i.e., a marker) near the middle of each cell in the eval-
uation region.

In our evaluations, we follow the conventions described
in [25]. We accepted a cell as correctly segmented if it con-
tains strictly one ground truth point (i.e., a marker), and has
at least 85% of its body inside the evaluation region. Any
detected region outside the evaluation region, overlapping
the evaluation region by less than 25% of the average region
size, or touching image borders, was discarded.

Moreover, we compute cell area without taking into ac-
count the one pixel wide line that delineates cells in the seg-
mentation.

For validating the quantifications, we also use the rela-
tive error , defined as:

- i ©)

X X

ox

where x is the true value of the quantity, x; the measured
or inferred value, and Ax the estimation error. Relative er-
ror statistics such as minimum (Min), maximum (Max), and
mean (Mean) value, first, second and third quartiles (i.e., Q1,
Median, and Q3), and the interquartile range (IQR) are also
computed.

Shared variation among data is assessed through correla-
tion coefficients (r) and the coefficient of determination (R?)
with associated p-value. Data are interval (Pearson’s cor-
relation coefficient requires interval or ratio data), and nor-
mality is checked graphically (using QQ-plots) as well as
quantitatively using D’Agostino - Pearson omnibus, Shapiro
- Wilk, and Lilliefors tests. If normality is true, Pearson’s
correlation coefficient is applied. If the data are non-normal,
Spearman’s correlation coefficient is calculated.

Cell count

The results of cell counting from the proposed method in
this work are compared against the measurements from the
software NAVIS and Vigueras-Guillén et al. ([29]) using
manual measurements as ground truth. Preceding a quanti-
tative comparison of the correlation coefficients of the data,
normality tests have been applied. Thus, Table 1 shows the
results of three different normality tests. Using 0.05 as the
criterion for significance, the ground truth, Vigueras-Guillén
et al., and the proposed method’s results can be associated
with a normal distribution (p-value > 0.05), whereas the
NAVIS software’s results can not (p-value < 0.05). The QQ-
plots of Figure 13 confirm the normal distribution associ-
ated with the proposed method, Vigueras-Guillén et al., and
the ground truth, and the non-normal distribution associated
with the NAVIS data because several of its measurements
deviate considerably from the line. In the proposed method,
Vigueras-Guillén et al., and ground truths’ QQ-plots, the
points approximately lie on a line, thus their distributions
are linearly related.

—— Ground truth
—— NAVIS
—— Proposed (T1)
Proposed (T2)
140 Vigueras-Guillén et al.

Cell count

Figure 12: Cell count sample plots.
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Figure 13: QQ-plots (Quantile-Quantile plots) for graphical
testing the normality in cell count data: if the data lie on a
line, they are considered normally distributed.

Hence, attending to the normality test results, Pearson’s
correlation coefficient can be applied to the ground truth,
Vigueras-Guillén et al., and proposed method’s data, whereas
Spearman’s correlation coefficient could be used regarding
the correlation analysis of the NAVIS results.

Cell count results of the proposed method outperform
those from the software NAVIS when their correlation statis-
tics are compared. High correlation (r = 0.907) with high
significance (p-value < 0.01) can be observed between the
proposed method’s results and the ground truth’s data, simi-
lar to the state of the art method Vigueras-Guillén et al. [29].
The proposed method’s results share 82.3% -proposed (T1)-
and 82.7% -proposed (T2)- of the ground truth’s variability
(see Table 2).

Furthermore, the proposed method has a lower relative
error than the software NAVIS in comparison to the ground
truth (see Table 3). Also, visual inspection of Figure 12,
Figure 14, and Figure 15 shows that the proposed segmen-
tation method produces counting results that are closer to
the ground truth than the NAVIS counting results, and ap-
proaches to the state of the art method Vigueras-Guillén et
al. [29] which presents the best results.

Raidel Herrera-Pereda et al.: Preprint submitted to Elsevier
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Table 1
p-values for checking the normality of cell count data

Method D’Agostino- Shapiro- Lilliefors
Pearson Wilk
Proposed (T2) 0.979 0.874 0.99
Proposed (T1) 0.871 0.869 0.99
Vigueras-Guillén et al. 0.727 0.872 0.99
Ground truth 0.394 0.504 0.502
NAVIS 0.019 0.0153  0.0391
X x NAVIS
160 X Vigueras-Guillén et al.

* Proposed (T1)

140 Proposed (T2)
§ 120
3
© 100
9
©
£ 80
£
W g
40
20
40 60 80 100 120
Manual method's count
Figure 14: Cell count scatter plot.
Table 2
Cell count correlation coefficient statistics
Method r R? p-value
Vigueras-Guillén et al.  0.991 0.982 1.484e—45
Proposed (T2) 0.909 0.827 1.164e-20
Proposed (T1) 0.907  0.823 2.041e-20
NAVIS -0.130 0.017 0.358
4 o
3
8
o

Relative error (%)
N

:

T o= 5= 1

Proposed (T2) NAVIS

0

Vigueras-Guillén et al. Proposed (T1)

Figure 15: Relative errors in cell counting in the proposed
method and the software NAVIS.

Cell density

In the graphical test of normality of Figure 17, it can be
seen that all methods have an approximately normal distri-
bution. Quantitatively, the normality of the cell density data
is confirmed with p-values greater than 0.05 for all meth-
ods (Vigueras-Guillén et al., ground truth, NAVIS, Selig et

Table 3

Cell count relative error statistics (first part)
Method Min Max Mean
Vigueras-Guillén et al.  -0.231 0.048 -0.029
Proposed (T1) -0.525 -0.062 -0.241
Proposed (T2) -0.55  -0.062 -0.244
NAVIS -0.388 3.914 0.534

Table 3

Cell count relative error statistics (continued)

Method Q1 Median Q3 IQR

Vigueras-Guillén et al. -0.042 -0.023 0.0 0.042

Proposed (T1) -0.29  -0.221 -0.142 0.148

Proposed (T2) -0.29 -0.222 -0.14 0.15

NAVIS 0.036 0.13 0.834 0.798
Table 4

p-values for checking cell density data normality

Method D’'Agostino- Shapiro- Lilliefors
Pearson Wilk
Proposed (T1) 0.493 0.418 0.642
Selig et al. 0.457 0.300 0.823
Proposed (T2) 0.454 0.359 0.663
Ground truth 0.430 0.215 0.696
NAVIS 0.129 0.252 0.526
Vigueras-Guillén et al.  0.439 0.177 0.477

al., and the proposed method) (see Table 4). Hence, we ap-
ply Pearson’s correlation coefficient to cell density data for
evaluating the variability they share with the ground truth
data.

The sample plots of Figure 16, the scatter plots of Fig-
ure 18 and Figure 19, and the error plot of Figure 20 show
that our proposed method measures the cell density more ac-
curately than the NAVIS software’s method, and approaches
the state of the art methods. Quantitatively, Table 5 shows
high correlation coefficients (r) and coefficients of determi-
nation (R?) for Vigueras-Guillén et al.’s results, Selig et al.’s
results, and the proposed method’s results (a shared vari-
ability with the ground truth of 99.7%, 99.2%, and [93.3%
and 93.1%] respectively), that are higher than the respec-
tive NAVIS software’s measures (a shared variability with
the ground truth of 15.42%). The significance value of a test
strengthens the results because in all cases the correlation co-
efficients are significant (p-value < 0.05), and in Vigueras-
Guillén et al., Selig et al. and proposed methods they are
highly significant (p-value << 0.01). Furthermore, the es-
timated error of NAVIS software’s method depends on the
cell density whereas the proposed method produces a nega-
tive increase of the error with higher cell densities (see Fig-
ure 19). The box-plots of Figure 20 show that the proposed
method has lower relative error than the method of the soft-
ware NAVIS in comparison to the ground truth, and that is
close to Vigueras-Guillén et al. and Selig et al. results (see

Raidel Herrera-Pereda et al.: Preprint submitted to Elsevier
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Figure 16: Cell density sample plots for visual inspection.
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Figure 17: QQ-plots (Quantile-Quantile plots) for graphical
testing the normality in cell density data: if the data lie on a
line, they are considered normally distributed.
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Figure 18: Estimated cell density compared with manually ob-
tained density estimates.

also Table 6). Like in Vigueras-Guillén et al. ([29]) and
Selig et al. ([25]) methods, the proposed method in this work
improves cell density computation results comparing to the
software NAVIS.

Cell polymegatism

The graphical test of normality in Figure 21 shows that
the Vigueras-Guillén et al. ([29]), ground truth and the pro-
posed method polymegathism data can be considered to have
a normal distribution. The NAVIS and Selig’s methods, al-
though close, deviate away from the line, and cannot be con-

2000
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Figure 19: Error in estimated cell density vs. manually ob-

tained density estimates.

Table 5

Cell density correlation coefficient statistics
Method r R? p-value
Vigueras-Guillénetal.  0.999 0.997 3.6643e — 66
Selig et al. 0.996 0.992 1.3615¢—53
Proposed (T1) 0.966 0.933 5.2164e — 31
Proposed (T2) 0.965 0.931 1.0549e — 30

NAVIS 0.393 0.154 3.9789¢ — 03
o
4
(o)
_ 3
& [e)
IS 8
g o
g 2
T

e s = =R

Vigueras-Guillén et al. Selig et al. Proposed (T1) Proposed (T2) NAVIS

Figure 20: Relative error in cell density estimation in the pro-
posed method, the software NAVIS and Selig's method.

Table 6

Cell density relative error statistics (first part)
Method Min Max  Mean
Selig et al. -0.175 0.162 0.017
Vigueras-Guillén et al.  -0.031 0.125 0.018
Proposed (T1) -0.289 0.073 -0.067
Proposed (T2) -0.277  0.073 -0.071
NAVIS -0.027 4.261 0.639

sidered as having the normal distribution.

Quantitatively, Table 7 shows a p-value > 0.05 for the
ground truth, Vigueras-Guillén et al. and the proposed method,
confirming its high probability to be normally distributed.
Thus, Pearson’s correlation coefficient can be used for as-

Raidel Herrera-Pereda et al.: Preprint submitted to Elsevier
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Table 6
Cell density relative error statistics (continued)

Method Q1 Median Q3 IQR
Selig et al. -0.003 0.023 0.051 0.054
Vigueras-Guillén et al. 0.007 0.014 0.027 0.02
Proposed (T1) -0.124 -0.052 0.008 0.132
Proposed (T2) -0.131 -0.062 -0.001 0.13
NAVIS 0.045 0.107 0.827 0.782
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Figure 21: QQ-plots (Quantile-Quantile plots) for graphical
testing the normality in polymegathims data: if the data lie on
a line, they are considered normally distributed.

Table 7

p-values for checking polymegathism data normality

Method D’'Agostino- Shapiro- Lilliefors
Pearson Wilk

Proposed (T2) 0.928 0.888 0.99

Ground truth 0.900 0.773 0.99

Proposed (T1) 0.806 0.854 0.965

Vigueras-Guillén et al. 0.809 0.682 0.487

NAVIS
Selig et al.

0.019 4.826e — 05 1.000e—03
2.151e =05 2.070e —04 9.835e—03

sessing the correlation between Vigueras-Guillén et al., the
proposed method, and the ground truth. Spearman’s correla-
tion coefficient should be used with the NAVIS and Selig et
al.’s methods because they can be considered to have a non-
normal distribution (p-value < 0.05, confirming the graphi-
cal test of normality in Figure 21).

The polymegathism sample plot in Figure 22, scatter plots
in Figure 23, Figure 24, and Figure 25, and the error box
plot in Figure 26 show an overall improvement of the pro-
posed method when compared to the results of NAVIS and
Selig et al.’s method. Quantitatively, in Table 8 the correla-
tion coefficient (r value of 0.808 and 0.766) confirms a high
correlation between the results of the proposed method and
the ground truth. Furthermore, the proposed method can ac-
count for 65.52% and 58.6% (R? value of 0.652 and 0.586) of
ground truth’s variation, with an associated p-value < 0.01,
thus the correlation coefficient is significant and indicates

LIIT UIdLaliLe 1iap Ui Luliivial sl udLupc iages

100 —— Ground truth
—— NAVIS
Selig et al.
—— Proposed (T1)
80 Proposed (T2)
Vigueras-Guillén et al.
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Image

Figure 22: Sample plots of estimated polymegathism by the
proposed method, the software NAVIS and Selig's method.
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Figure 23: Cell polymegathism estimated by the proposed
method, the software NAVIS and Selig's method.

Table 8

Polymegathism correlation coefficient statistics
Method r R? p-value
Vigueras-Guillén et al.  0.842  0.710 4.963¢ — 15
Proposed (T1) 0.808  0.652 4.604e — 13
Proposed (T2) 0.766  0.586 3.835¢—11
Selig et al. 0.365 0.133 7.870e — 03
NAVIS -0.274 0.075 4.960e — 02

a genuine relationship between the results of the proposed
method and the ground truth. Also, in Figure 23 a lower dis-
persion (lower deviation from a line) of the proposed method
can be observed in comparison to the software NAVIS and
Selig’s method. In Figure 24 and Figure 25, a lower depen-
dence can be appreciated of the estimated polymegathism
error regarding manual polymegathism and manual cell den-
sity respectively in comparison to the software NAVIS and
Selig’s method ([25]). The results of our proposed method
yield the lowest relative error (see Figure 26 and Table 9)
after Vigueras-Guillén et al., which leads the results. In all
polymegathism measures, our proposed method is close to
those of Vigueras-Guillén et al.

Cell pleomorphism

The graphical test of normality in Figure 28 shows that
the pleomorphism data can be considered to have a normal
distribution. Quantitatively, the p-values of the Vigueras-

Raidel Herrera-Pereda et al.: Preprint submitted to Elsevier
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Figure 24: Error in estimated polymegathism in comparison
with the manual polymegathism.
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Figure 25: Error in estimated Polymegathism in comparison
with manual density.
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Figure 26: Relative error in polymegathism estimation in the
proposed method, the software NAVIS and Selig's method.

Guillén et al., ground truth, Selig et al., and proposed meth-
ods are over 0.05, thus confirming the preceding consider-
ation (see Table 10). For the NAVIS software’s method,
D’Agostino-Pearson’s normality test determines a non-normal
distribution (p-value < 0.05), whereas the Shapiro-Wilk and
Lilliefors tests determine a normal distribution (p-value >
0.05) (two out of three tests) (see Table 10). By visual in-
spection of Figure 28, it can be assumed that the dots of
the NAVIS method’s QQ-plot for pleomorphism data devi-

Table 9
Cell polymegathism relative error statistics (first part)
Method Min Max Mean
Vigueras-Guillén et al.  -0.296 0.664 -0.021
Proposed (T2) -0.391  0.379 -0.073
Proposed (T1) -0.391 0.291 -0.079
Selig et al. 0255 1.692 0.169
NAVIS 012 5105 0.886
Table 9
Cell polymegathism relative error statistics (continued)
Method Q1 Median Q3 IQR
Vigueras-Guillén et al. -0.089 -0.048 0.013 0.102
Proposed (T2) -0.152  -0.093 -0.039 0.113
Proposed (T1) -0.155 -0.09 -0.045 0.11
NAVIS 0.143 0.343 1.294 1.151
Selig et al. 20.024 0094 0166 0.19
Table 10
p-values for checking pleomorphism data normality
Method D’'Agostino- Shapiro- Lilliefors
Pearson Wilk
Ground truth 0.843 0.322 0.467
Proposed (T1) 0.641 0.441 0.405
Proposed (T2) 0.365 0.444 0.257
Selig et al 0.325 0.148 0.196
Vigueras-Guillén et al. 0.150 0.076 0.324
NAVIS 0.016 0.072 0.386
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Figure 27: Sample plots of estimated cell pleomorphism by the
proposed method, the software NAVIS and Selig's method.

ate from the line to a similar extent as the other methods.
Hence, we classify the NAVIS method’s data as normally
distributed. Thus, Pearson’s correlation coefficient is ap-
plied to all pleomorphism data for assessing the correlation
and variability they share with the ground truth data.

The sample plot in Figure 27 shows the results of the
pleomorphism measure. Large dispersion (i.e., deviation from
a line) is observable in scatter plots of Figure 29, Figure 30,
and Figure 31, with an error dependent on the cell density
in all cases (see Figure 31). This dispersion is reflected in
Table 11 and the relative error boxplots in Figure 32. The
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Figure 28: QQ-plots (Quantile-Quantile plots) for graphical
testing the normality in pleomorphism data: if the data lie on
a line, they are considered normally distributed.
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Figure 29: Estimated pleomorphism in comparison with man-
ual pleomorphism.

proposed method is closer to the positive correlation (r) of
Selig et al. and Vigueras-Guillén et al. methods ([0.492
and 0.566] vs. 0.682, and 0.768 respectively), and it ac-
counts for [24.2 and 32] % of shared variability (R%) with
the ground truth versus the 46.5% and 58.9% of Selig et
al. and Vigueras-Guillén et al. methods respectively. In
those cases, the associated p-value < 0.01 supports a signif-
icant correlation coefficient whereas the NAVIS method has
a non-significant correlation coefficient (see Table 11). The
proposed method has a lower error than the NAVIS method
and it is close to that of Selig’s method [25] (see Figure 32
and Table 12). However, it should be pointed out that in all
cases the errors are larger than the errors computed for the
other clinical parameters quantified in this work.

F-Measure

The F-measure quantity is not available in the ground
truth of the used data set, but [25] provides its F-measure
results. Hence, we include F-measure comparisons against
the results from [25] for completeness. In [25], the mean
F-measure is also calculated for segmentation results ob-
tained using the methods described in [31] and [7]. The
mean F-measure value obtained by our proposed method sur-
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Figure 30: Error in estimated pleomorphism in comparison
with manual pleomorphism.
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Figure 31: Error in estimated pleomorphism in comparison
with manual density.

Table 11

Pleomorphism correlation coefficient statistics
Method r R? p-value
Vigueras-Guillén et al.  0.768 0.589 3.183e—11
Selig et al. 0.682 0.465 2.562¢ — 08
Proposed (T2) 0.566 0.320 1.226e —05
Proposed (T1) 0.492 0.242 2.113e-04
NAVIS 0.188 0.035 1.831e—-01

passes the value from [7], is similar to the one from [31], and
close to the mean F-measure reported in [25] (see Table 13).
Charts of the F-measure values of Selig et at.’s method and
our proposed method can be seen in Figure 33 and Figure 34.

4. Discussion

Concerning the used dataset, we have modified some as-
pects of it for its use in this work. A hole was filled in images
34 and 48 named as "gt_region*.png" representing ROIs.
Also, we remove a narrow bar that doesn’t contour any cell
in the ROI of image 48 (see Figure 35).

In the images (of the used data set) that contain marks
approximately in the center of each cell, there are points
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Figure 32: Relative error in pleomorphism estimation in the
proposed method, the software NAVIS and Selig's method.

Table 12

Cell pleomorphism relative error statistics (first part)
Method Min Max Mean
Vigueras-Guillén et al.  -0.457 0.312 -0.004
Selig et al. -0.511 0.214 -0.127
Proposed (T1) -0.525 0.375 -0.128
Proposed (T2) -0.509 0.168 -0.129
NAVIS -0.621 0.139 -0.222

Table 12

Cell pleomorphism relative error statistics (continued)

Method Q1 Median Q3 IQR

Vigueras-Guillén et al. -0.086 0.001  0.06 0.146
Selig et al. -0.183 -0.11  -0.046 0.137
Proposed (T1) -0.23  -0.114 -0.035 0.195
Proposed (T2) -0.226 -0.106 -0.035 0.191
NAVIS -0.467 -0.156 -0.054 0.413

0.9

Estimated F-measure
° °
> 3
<=

0.5 Seligeet al
—— Proposed (T1)
Proposed (T2)

0 10 20 30 40 50
Image

Figure 33: Estimated F-measure by the proposed approach
and Selig’s method.

(i.e., marked cells) placed outside the corresponding ROL.
To the best of our knowledge, it happens in images 41, 47,
and 48. Also, in the accompanying CSV file that contains
the morphometrics computed in a manually assisted manner,
the data corresponding to images 4, 8, 12, 21, 22, 26, 34, and
36 regarding the manual count of cells, does not match the
number of marks placed by an expert near the center of each
cell in the respective ROIL. Hence, in this work, we used as

© 0.9
=}
(2]
3 0.8
o
L
L 07
©
@ *
06
©
(%]
05 *  Proposed (T1)
. Proposed (T2)
0.5 0.6 0.7 0.8 0.9

Proposed method's F-measures (T1 and T2)

Figure 34: Proposed method F-measure in comparison with
Selig's F-measure.

Table 13
Mean F-measure values over all images

Method F — measure
Selig et al. 0.907
Vincent et al. [31] 0.821
Proposed (T1) 0.813
Proposed (T2) 0.810
Gavet et al. [7] 0.722

e Vv

(a) (b)
Figure 35: A sample of changes made in this work to a ROI

image. (a) a hole inside the ROI and a bar getting out of the
ROI pointed by arrows, (b) corrections on the hole and the bar

in (a).

ground truth the point-markers placed by an expert near the
center of each cell, strictly inside the ROL.

Regarding the frequency analysis, the fact that the mean
cell area is obtained from the 2DFFT analysis (i.e., see sub-
subsection 2.1.2) of corneal endothelium images, without
any user intervention (i.e., fully automatic), is a motivation
factor to its use for removing the artifacts in the binary im-
ages.

The similar size of the cells in normal corneal endothe-
lium [5, 32, 23, 24, 1], (i.e., small variability in cell area)
is a motivation to use thresholding for removing artifacts in
the binary images. Although the used images are not from
the normal endothelium, and in practice "cells of different
shape and size can be seen" [18] (see Figure 2), due to in-
herent issues of the image capture process, cells might ap-
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pear merged which increases their area as foreground ob-
jects. Another important remark is that with aging corneal
cells die and neighboring cells tend to elongate to fill in the
space left by the dead cell, resulting in many cells becoming
bigger [31, 24].

Thus, we tested the automatically found mean cell area as
a threshold value for removing artifacts on the binary image.
The experiments showed that the loss of the smallest cells
in some images is possible (the mean cell area is too large
to be used as the threshold value in some cases, hence the
necessity of a scaled-down version of it). But, how much to
reduce its value? We found a possible solution empirically.

It is known that the central ring radius of the image fre-
quency spectrum is inversely proportional to the cell size of
the image. Therefore, the mean cell area was divided by
the numeric value of the radius of the central ring associ-
ated with the characteristic frequency (f*) of the image fre-
quency spectrum (i.e., 7, ¢+, see Equation 4). Only the radius
numeric value is needed because we are not establishing a re-
lationship between the cell mean area and the ring radius, but
only scaling down the area. Hence, we will have a threshold
value with squared dimension that is useful for thresholding
by area the connected component in the binary image.

Consequently, the division produced a scaled-down mean
cell area value which we have proved (empirically, in the 52
images of the used data set) can be used as a threshold for
removing the artifacts in the obtained binary images.

We tested another threshold value by scaling down the
mean cell area by the area of the frequency spectrum ring
pattern at f*. Experiments showed that a scaling-up coef-
ficient is needed to achieve the artifact removal task. We
found empirically a fixed value for the coefficient of 30.886
that is capable of producing the desired results, although fur-
ther studies involving larger data sets are needed (see Equa-
tion 5).

This way, the artifacts, which are many times smaller
than an endothelial cell, can be removed automatically using
a global adaptive threshold value per image without signifi-
cant loss of cells (e.g., see Figure 2), and it is reflected in the
results (see section 3 and section 5).

The simplicity of the proposed method is an advantage,
although it still relies on some empirically chosen thresh-
olds, which represents a drawback because their validity is
limited to the used data set. Also, the selection of the in-
scribed circles representing cells, although fully automatic,
fails in some cases such as those when cells appear widely
merged. Nevertheless, this first non-optimized version of the
proposed method shows its possibilities by the experimental
results, and we want to investigate it further. Automatically
finding the minimum cell area per image through frequency
analysis could be a solution we aim to avoid the empirical
threshold selection.

5. Conclusions

In this work, we introduced a method for segmenting
endothelial cells in CM images of the human cornea. We
showed that corneal endothelium confocal binary images can

be automatically obtained in two steps: DoG filtering and
thresholding using the minimum value of the DoG filtered
image intensity. We automatically computed the mean cell
area using frequency analysis and divided it by the the nu-
meric value of the radius of the ring pattern of the image
spectrum associated with the characteristic frequency. This
value proved a valid, global, adaptive, and automatic thresh-
old per binary image to remove artifacts. A second effective
and automatic threshold for artifact removal was obtained
(through dividing the mean cell area by the area of the afore-
mentioned ring pattern and scaling-up this ratio by a coef-
ficient of 30.886) and tested on the used data set. Through
the experimentation we have shown that both proposed equa-
tions for threshold value computation produced similar valid
results. Inscribing circles in the foreground objects of the
distance map of the free of artifacts binary image proved
a valid method to achieve single-cell detection. Although
we determined empirically a threshold value for selecting
the circle centers, the proposed method produced results of
sufficient accuracy compared to the used data-set outcomes.
Our method gives better results than the microscope soft-
ware (i.e., NAVIS). Also, our estimated polymegathism has
lower error and scatters, with better correlation than the state-
of-the-art segmentation method Selig et al. ([25]). In all
other cases, our results are close to the state-of-the-art meth-
ods comparing to the ground truth. With the obtained re-
sults, we show the method’s potential, and we expect to im-
prove it (e.g., by automatically selecting the empirically cho-
sen threshold values) for stimulating its effective application
in clinical settings.
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In this section we expose the measures as well as the relative error (§,) and estimated error (Ax) variables associated to Equation 9,

the manual measures as ground truth and including the methods NAVIS, Selig et al. ([25]), Vigueras-Guillén et al. ([29]),
and our proposed method. The used terminology is as follows: "Proposed(T1)" (the proposed method using threshold value

T, for artifact removal) as "Prop(T1)", "Proposed(T2)" (the proposed method using threshold value T, for artifact removal) as

using

"Prop(T2)", "Vigueras-Guillén et al." ([29]) as "JPVG etal", and "Selig et al." ([25]) as "Selig etal". Selig et al. ([25]) does

not provide in their public data set the cell count results, hence it doesn’t appear in the corresponding table.

Table 14

Endothelial cell count (ECC) results and associated errors
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Table 15

Endothelial cell density (ECD) results (cell/mm?) and associated errors
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Table 16

Endothelial cell polymegathism (CV) results (per cent [%] values) and associated errors
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Segmentation of endothelial cells of the cornea
from the distance map of confocal microscope
iImages

Raidel Herrera-Pereda, Alberto Taboada Crispi, Danilo Babin, Wilfried Philips

A difference of Gaussian is applied to enhance cell borders and to obtain the
inter-cellular space with minimal value, which we then used as a threshold for
obtaining a binary image.

A frequency-domain analysis allows obtaining a global adaptive threshold value
per image for automatically removing artifacts in the binary images.

Local maxima, selected in the distance map of the binary image, are used as
centers of circles inscribed in the cells. A selection of the inscribed circles is
intended to detect individual cells, aiming also to separate those cells that appear
merged in the image.

The segmentation of the cell’'s contours is achieved simply by labeling each
background pixel according to its distance to the nearest foreground object.
Quantification and comparison with ground truth and two methods are achieved
for measuring clinical parameters of interest and assessing the results, including
cell count, cell density, polymegathism, and pleomorphism. Results outperform
those from one of the methods in all quantified parameters and surpass another
method in estimated polymegathism.
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